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To tune topological and magnetic properties of systems with band engineering by applying an
electric field is of vital important both in physics and in practical applications. In this work, we find
a topological phase transition from topologically trivial to nontrivial states at an external electric
field of about 0.1 V/A˚ in ferromagnetic semiconductor MnBi2Te4 monolayer. It is shown that when
electric field increases from 0 to 0.15 V/A˚, the magnetic anisotropy energy (MAE) increases from
0.1 meV to about 5 meV, and the Curie temperature Tc increases from 20 to about 70 K. The
increased MAE mainly comes from the enhanced spin-orbit coupling due to the applied electric
field. The enhanced Tc can be understood from the enhanced p-d hybridization and decreased
energy difference between p orbitals of Te atoms and d orbitals of Mn atoms. Moreover, we propose
two novel Janus materials MnBi2Se2Te2 and MnBi2S2Te2 monolayers with different internal electric
polarizations, which can realize quantum anomalous Hall effect (QAHE) with Chern numbers C=1
and C=2, respectively. Our study not only exposes the electric field induced exotic properties of
MnBi2Te4 monolayer, but also proposes novel materials to realize QAHE in ferromagnetic Janus
semiconductors with electric polarization.
Introduction—Quantum anomalous Hall effect
(QAHE) as a novel topological phase has attracted
tremendous interest because of its potential applications
in dissipationless spintronics [1–15]. The QAHE was
firstly realized experimentally in Cr-doped (Bi, Sb)2Te3
thin film at 30 mK [6] and later in Cr-doped (Bi,
Sb)2Te3 films at about 2 K [8]. Then, the QAHE was
observed in V-doped (Bi, Sb)2Te3 thin film at 25 mK [9]
and a Cr- and V-codoped (Bi, Sb)2Te3 system at about
300 mK [12]. In doped magnetic topological insulators,
magnetic disorder is against to the observation of QAHE
at higher temperatures. Thus, search for systems with
stable QAHE at high temperatures is essential.
MnBi2Te4 as a new platform to realize QAHE has
gained extensive studies both in theory and in experi-
ments. MnBi2Te4 is composed of septuple TeBiTeMn-
TeBiTe sequences, and exhibits a van der Waals layered
structure [16]. Bulk MnBi2Te4 is an antiferromagnetic
insulator with the Nee´l temperature of 25 K [17, 18],
which presents the axion state with quantized magneto-
electric effect [19]. Topological surface states with dimin-
ished gap forming a characteristic Dirac cone attributed
to multidomains of different magnetization orientations
were observed in antiferromagnetic topological insulator
MnBi2Te4 [20]. (Bi2Te3)n(MnBi2Te4) with n=1 exhibits
magnetic topological insulator with a strong out-of-plane
ferromagnetic component at low temperatures and in-
trinsic net magnetization [21]. MnBi2Te4 monolayer is
a topologically trivial ferromagnetic semiconductor [22–
24], while its multilayers host the states alternating be-
tween QAH and zero plateau QAH for odd and even num-
ber of monolayers, respectively [24]. In a five-septuple-
layer MnBi2Te4, the QAHE was observed at 1.4 K, and
the quantization temperature can be raised up to 6.5 K
by an external magnetic field to align all layers ferromag-
netically [25]. High-Chern-number QHE without Landau
levels was obtained in ten-septuple-layer MnBi2Te4 un-
der applied magnetic field and back gate voltages [26].
In six-septuple-layer MnBi2Te4, the axion insulator state
occurs over a wide magnetic field range and at relatively
high temperatures, while a moderate magnetic field can
drive the axion insulator phase to a Chern insulator phase
with QAHE [27].
Band engineering is a powerful technology and plays
an essential role in the study of electronic properties of
materials. Band engineering can optimize the properties
of materials, which may lead to materials to have better
performance in devices. There are several ways to tune
the energy bands, such as by an electric field [28–43],
strain [44–46], doping [47–50], vacancy [51–53], surface
modification [47, 54] and so on. Tuning energy bands by
an external electric field has some advantages: it does
not change the properties of the material itself; the mag-
nitude and direction of the external electric field can be
arbitrarily controlled; applying the external electric field
is feasible and easy to realize in experiments. Graphene
is a two-dimensional (2D) material with a zero band gap
that restricts its application in electronic devices. After
applying a gate voltage, the inversion symmetry is bro-
ken and a nonzero band gap is opened [55–59]. The band
engineering by external electric fields was also performed
in MoS2 [60].
In this work, we study novel properties of MnBi2Te4
monolayer controlled by an electric field. With the in-
crease of electric field, the band gap decreases and the
band inversion with a topological phase transition oc-
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2curs at an electric field of about 0.1 V/A˚, and the sys-
tem then enters into a topological state. With the electric
field ranging from 0 to 0.15 V/A˚, the magnetic anisotropy
energy (MAE) increases from 0.1 meV to about 5 meV,
and the Curie temperature Tc increases from 20 to about
70 K. The increased MAE mainly comes from the en-
hanced spin-orbit coupling (SOC) due to the applied elec-
tric field. By means of the super-exchange picture, the
enhanced Tc can be understood from the enhanced p-
d hybridization and decreased energy difference between
p orbitals of Te atoms and d orbitals of Mn atoms. In-
spired by the electric field induced topological phase tran-
sition, we propose 2D Janus materials MnBi2Se2Te2 and
MnBi2S2Te2 with different internal electric polarizations,
which can realize QAHE. Our findings not only reveal
the electric field induced exotic properties of MnBi2Te4
monolayer, but also present a new idea to realize QAHE
in novel ferromagnetic Janus materials with electric po-
larizations.
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FIG. 1. Crystal structure of monolayer MnBi2Te4. The (a)
top and (b) side view of monolayer MnBi2Te4, where the
atoms are labeled with elements and atomic layer number
in (b). (c) The evolution of the top of valence band and the
bottom of conduction band relative to their energy center at
Γ point with increasing the electric field.
Monolayer MnBi2Te4—Monolayer MnBi2Te4 can be
grown in a quintuple layer of Bi2Te3 and a bilayer of
MnTe with the molecular beam epitaxy method [61]. The
crystal structure of monolayer MnBi2Te4 is shown in Fig
1. The space group is P3¯m1 (No. 164) with an optimized
lattice constant a = 4.37 A˚. Monolayer MnBi2Te4 is a
ferromagnetic semiconductor with out-of-plane magneti-
zation, and its Curie temperature TC is about 20 K [23].
Our calculated results of monolayer MnBi2Te4 are con-
sistent with previous studies [22, 23] [see Supplemental
Materials (SM)]. The atom projected band structure of
monolayer MnBi2Te4 without electric field was plotted in
Fig. 2(a), from which one can observe that the bottom
of conduction band of monolayer MnBi2Te4 is mainly at-
tributed to Bi-1 and Bi-2 atoms, while the main contri-
bution to the top of valence bands is from Te-4 and Te-1
atoms. One may notice that the bands from Bi-1 and
Bi-2 as well as Te-1 and Te-4 atoms are degenerate at Γ
point, because of the existence of inversion symmetry in
monolayer MnBi2Te4.
Monolayer MnBi2Te4 under an electric field—By ap-
plying an electric field E normal to the atoms plane, we
can tune the properties of monolayer MnBi2Te4. The
effect of electric field on the properties of monolayer
MnBi2Te4 is summarized in Table S1. There are three
main changes of the properties of monolayer MnBi2Te4
with increasing the electric field, including the changes
of band gap, magnetic anisotropy and exchange integral.
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FIG. 2. Electric field induced topological phase transi-
tion. Atom projected electronic band structures of monolayer
MnBi2Te4 under the electric field of (a) 0.00, (b) 0.05, (c)
0.10 and (d) 0.11 V/A˚, respectively. The electric field de-
pendent (e) direct band gap at Γ point and (f) anomalous
Hall conductivity (AHC). The results were obtained by the
GGA+SOC+U calculations with U = 4 eV.
Evolution of band gap under an electric field—The
band structure of monolayer MnBi2Te4 varies with in-
creasing the electric field without a big deformation of
profiles but with a remarkable change of the band gap
as shown in Fig. 2. The evolution of the band gap at
Γ point with the electric field was schematically plotted
in Fig. 1 (c). The direct band gap at Γ point [Fig. 2(e)]
as well as the global band gap increases with increasing
the electric field lower than 0.1 V/A˚. This is intuitive,
30.00 0.05 0.10 0.15
0
5  yz
 xy
M
AE
 (m
eV
)
Electric field (V/Å)
0.0 0.5 1.0
0
5  yz
 xy
M
AE
 (m
eV
)
SOC strength
0.00 0.03 0.06
0.65
0.70
G
ap
 d
iff
er
en
ce
 (e
V)
Electric field (V/Å)
0.0 0.5 1.0
0.0
0.4
0.8
G
ap
 d
iff
er
en
ce
 (e
V)
SOC strength
(a) (b)
(c) (d)
FIG. 3. Electric field enhanced spin-orbit coupling. The (a)
electric field and (b) SOC strength dependent MAE, where
MAEij (i 6= j = x, y, z) means the energy difference per
MnBi2Te4 formula unit between FM
i and FMj configurations.
The (c) electric field and (d) SOC strength dependent gap dif-
ference between the gaps without and with SOC.
because on one hand, the electric field E breaks the in-
version symmetry of monolayer MnBi2Te4 resulting in
the degeneracy broken of Bi-1 and Bi-2, Te-1 and Te-4
atoms at Γ point, respectively, and on the other hand, the
effect of electric field on the upper triple Te-Bi-Te layers
consisting of Te-1, Bi-1, and Te-2 atoms is equivalent to
electron doping, while for the lower triple Te-Bi-Te layers
consisting of Te-3, Bi-2, and Te-4 atoms it corresponds
to hole doping. Thus, for the cation Bi-1, its energy level
moves downward close to Fermi level, while for anion
Te-4, its energy level moves upward close to Fermi level.
This analysis is also verified by our DFT results as shown
in Fig. 2. Therefore, the energy levels of Bi-1 and Te-4
atoms should be touched at a proper electric field, which
is about 0.1 V/A˚ in our calculations. When the elec-
tric field continues to increase to 0.11 V/A˚, an inversion
of the energy bands occurs at Γ point [Fig. 2(d)] with
a topological phase transition from a topological trivial
state to a nontrivial state with nonzero Chern number
C=1. However, because there is no global energy gap,
we cannot observe a quantized AHC, but it can adiabat-
ically evolve to the quantum anomalous Hall insulating
state. When the electric field continues to increase from
0.13 to 0.15 V/A˚, the direct band gap at Γ point de-
creases, and the system turns into the topological state
with C=2. Although there is also no global gap, it is
interesting to note that a relatively flat plateau of AHC
occurs with E=0.15 V/A˚ near Fermi level as shown in
Fig. 2(f).
Magnetic anisotropy of MnBi2Te4 monolayer under an
electric field—Besides the topological phase transition,
the electric field also dramatically influences both out-
of-plane magnetic anisotropy energy (MAE) MAEyz and
in-plane MAExy, where MAEij (i 6= j = x, y, z) means
0.00 0.05 0.10 0.15
1.5
2.0
2.5
3.0
3.5
J 
(m
eV
)
Electric field (V/Å)
0.00 0.05 0.10 0.15
15
30
45
60
75
T C
 
(K
)
Electric field (V/Å)
(a) (b)
EF
0.0 V/ ✆ 0.15 V/ ✆
 Te-2 (or  Te-3)
 Mn
|Vpd|
(c)
FIG. 4. Electric field enhanced Curie temperature. The evo-
lution of the (a) exchange integral and (b) Curie tempera-
ture with electric field. (c) The schematic diagram of the mi-
cromechanism of enhanced Curie temperature under electric
field.
the energy difference per MnBi2Te4 formula unit between
FMi and FMj configurations. The electric field E depen-
dent MAExz and MAExy were plotted in Fig. 3(a). From
Fig. 3(a), one may observe that MAExz and MAExz in-
crease with increasing E. MAE are usually related to the
SOC, thus the increase of MAE may come from the en-
hanced SOC because of the electric field. To verify this
observation, we plotted the dependence of MAE on the
SOC strength with the electric field of 0.15 V/A˚ in Fig.
3(b). It is obvious that the dependence of MAE on elec-
tric field and SOC strength is similar, indicating the en-
hanced SOC with increasing the electric field. A larger
anomalous Hall conductivity (AHC) σxy is expected in
monolayer MnBi2Te4 with enhanced SOC. We calculated
the AHC with electric field of 0.05, 0.10 and 0.15 V/A˚, re-
spectively, as shown in Fig. 3(b). Enhanced SOC can also
be seen from the enhanced AHC as shown in Fig. 2(f) and
the gap difference between the band gaps without SOC
and with SOC in Figs. 3(c) and (d) with increasing the
electric field.
Curie temperature under an electric field—The ex-
change integral J shares the similar dependence on the
electric field, i.e. the exchange integral increases with
the increase of E as shown in Fig. 4(a). The increase
of exchange integral J can be interpreted by the su-
perexchange interaction [62–64], where the FM coupling
is expected since the Mn-Te-Mn bond angle is close to
90◦. The indirect FM coupling between Mn atoms is
proportional to the direct AFM coupling between neigh-
boring Mn and Te atoms. The magnitude of this di-
rect AFM coupling can be roughly estimated as Jpd =
|Vpd|2/|Ep − Ed|, where |Vpd| is the hopping matrix ele-
ment between p orbitals of Te and d orbitals of Mn, and
|Ep − Ed| is the energy difference between them. By us-
ing maximally localized Wannier orbital projections, the
4FIG. 5. QAHE in monolayers MnBi2Se2Te2 and MnBi2S2Te2. (a) Band structure, (b) AHC and (c) electric field dependent
band gap and Curie temperature of monolayer MnBi2Se2Te2. (d) Band structure, (e) AHC and (f) edge states of monolayer
MnBi2S2Te2.
dominant hopping matrix elements |Vpd| and their corre-
sponding energy differences |Ep−Ed| can be obtained for
monolayer MnBi2Te4 without E and with E=0.15V/A˚,
respectively, as listed in Table S2. The enhanced direct
AFM coupling with increasing the electric field comes
from the enhanced p-d hybridization owing to the in-
crease of hopping and the decrease of energy difference
between p orbitals of Te and d orbitals of Mn. It can be
understood from that the energy levels of Mn atoms are
relatively deep in MnBi2Te4, and the electric field drives
the energy levels of the upper and lower Te layers near
Mn layer to move downward, resulting in the decrease of
the energy level difference and the enhancement of the
overlaps between p orbitals of Te and d orbitals of Mn
atoms as schematically depicted in Fig. 4(c).
The calculated Curie temperature based the isotropic
Heisenberg model with the single ion anisotropy (SIA)
using Monte Carlo (MC) simulation was listed in Ta-
ble S1. It can be seen that for MnBi2Te4 with E=0.15
V/A˚ the Curie temperature is three times greater than
that without E as shown in Fig. 4(b).
Novel monolayers MnBi2Se2Te2 and MnBi2S2Te2 for
QAHE—Inspired by the above study, where an electric
field can tune the energy band and induce a topologi-
cal phase transition in MnBi2Te4 monolayer, we propose
a 2D Janus structure MnBi2Se2Te2 monolayer based on
MnBi2Te4 monolayer. Janus MnBi2Se2Te2 monolayer
can be obtained by substituting the upper triple Te-Bi-Te
layers of MnBi2Te4 monolayer with a triple Se-Bi-Se lay-
ers. The stability of MnBi2S2Te2 monolayer was checked
by its phonon spectra, molecular dynamic simulation
and formation energy. Because of different electroneg-
ativity of Se and Te, MnBi2Se2Te2 monolayer possesses
the spontaneous electric polarization of about 0.44 eA˚.
MnBi2Se2Te2 monolayer exhibits a ferromagnetic ground
state with the out-of-plane magnetization, and its Curie
temperature is estimated to be 25 K. The band struc-
ture of MnBi2Se2Te2 monolayer shows a tiny full band
gap of about 16 meV as shown in Fig. 5(a). The calcula-
tion on anomalous Hall conductivity shows a plateau at
the Fermi level, which corresponds to a Chern number
C = 1, indicating QAHE state as shown in Fig. 5(b).
As discussed above for MnBi2Te4 monolayer, when the
system turns into the topological phase, the energy gap
increases first and then decreases, and the Curie temper-
ature keeps increasing with the increase of electric field.
This is verified again in MnBi2Se2Te2 monolayer, where
the electric field enhances Curie temperature and changes
the band gap as shown in Fig. 5(c).
For Janus material MnBi2S2Te2 monolayer, its spon-
taneous electric polarization is about 0.73 eA˚, which
is larger than that for MnBi2Se2Te2 monolayer, thus a
larger band gap and higher Curie temperature are ex-
pected in MnBi2S2Te2 monolayer according to the above
discussion. MnBi2S2Te2 monolayer holds ferromagnetic
ground state with out-of-plane magnetization, and its
Curie temperature is estimated to be 48 K. MnBi2S2Te2
monolayer has a global band gap of about 50 meV as
shown in Fig. 5(d). The topologically nontrivial band
structure of MnBi2S2Te2 monolayer is characterized by
a nonzero Chern number C = 2 with a quantized charge
Hall plateau of 2e2/h and two gapless chiral edge states
connecting the valence and conduction bands as shown
in Figs. 5(e) and (f), respectively.
Summary—In this work, we systematically investigate
the properties of monolayer MnBi2Te4 under electric
5field. It is found that the electric field can induce a
topological phase transition from a topologically trivial
state to a nontrivial state. It is also observed that the
MAE and Tc of MnBi2Te4 monolayer are dramatically
enhanced with the increase of electric field. The increased
MAE mainly comes from the enhanced SOC due to the
electric field. In terms of the super-exchange picture, the
enhanced Tc can be understood from the enhanced p-d
hybridization and decreased energy difference between p
orbitals of Te atoms and d orbitals of Mn atoms. In ad-
dition, we propose novel Janus monolayers MnBi2Se2Te2
and MnBi2S2Te2 with different spontaneous electric po-
larizations, which can realize the QAHE with Chern
numbers C=1 and C=2, respectively. Our results will
spur more studies on novel properties of MnBi2Te4 mono-
layer under an electric field, and also provide new candi-
dates to realize QAHE in ferromagnetic semiconductors
with electric polarization that would be particularly in-
teresting in electrically controlled spintronic devices.
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